I. INTRODUCTION
L ARGE bandgap semiconductors have been widely investigated and utilized for optoelectronic applications. However, research and commercial interest in large bandgap semiconductor and SiC electrical devices has recently increased due to the availability of high-quality SiC and general advances in material fabrication techniques. SiC is a promising power semiconductor because of its large bandgap (3.0 eV for 6H and 3.2 eV for 4H) and thermal conductivity (4.9 W/cmK for 6H and 4H) [1] . For power applications, SiC's large bandgap translates into a high critical field. A high critical electric field allows device designs that have lower series resistance and lower power dissipation. SiC power devices have been analyzed and shown to have substantial advantages when compared to Si and GaAs power devices [2] - [4] .
In general, Schottky rectifiers are of interest because they are majority carrier devices and consequently have very fast switching times and no reverse recovery current. Si Schottky rectifiers are severely limited by the low critical field of Si and a relatively small range of possible barrier heights [5] . GaAs Schottky diodes are limited by the critical field of GaAs and Schottky barrier height pinning [5] . The relatively low barrier heights of Si and GaAs metal-semiconductor contacts lead to a substantial increase in reverse leakage current with increasing temperature. SiC Schottky rectifiers have been shown to have a strong dependence of metal-semiconductor barrier height on metal work function [6] . Therefore, Si and GaAs Schottky diodes dissipate more power and are limited to a smaller temperature range than comparable SiC Schottky diodes.
The SiC Schottky rectifier is a potentially important commercial device because it offers substantial performance benefits over Si and GaAs Schottky rectifiers and it is a relatively simple device to fabricate. The superior materials characteristics of SiC allow for the use of Schottky rectifiers in situations where Si and GaAs Schottky rectifiers are not practical. High-performance GaAs Schottky rectifiers with a forward current of up to 20 A and blocking voltages of up to 250 V are currently being used in applications such as electric motor drives and high-efficiency DC-DC converters [7] . It has also been shown that certain markets are willing to pay a premium for the improved device performance of GaAs Schottky rectifiers [8] . These issues make the SiC Schottky rectifier an excellent candidate for commercialization.
II. THEORY AND ANALYSIS OF POWER SCHOTTKY RECTIFIERS
The optimal design of high-performance SiC Schottky rectifiers requires an understanding of the dominant device mechanisms that affect power Schottky rectifier performance. The key performance parameters of power Schottky rectifiers are breakdown voltage, forward voltage drop, reverse leakage current, power dissipation, and switching time. Depending on the application, different parameters become more or less important relative to others.
Each of these performance parameters are affected by one or more physical mechanism. Therefore, it is important to relate the key performance parameters to the device physics of Schottky contact rectifiers. In addition, SiC Schottky rectifier analysis requires the consideration of issues such as the effect of a large electric field at the metal-semiconductor interface. The typical Schottky rectifier consists of a metal contact deposited on an epilayer, a substrate, and a backside ohmic contact. The main device design variables that affect power Schottky rectifier characteristics are the contact metal 0018-9383/98$10.00 © 1998 IEEE workfunction, the epilayer doping, the epilayer thickness, and the device edge termination.
A. Breakdown Voltage
The breakdown voltage of a Schottky rectifier depends on the semiconductor critical field, epilayer doping, epilayer thickness, and device edge termination. Therefore, the breakdown voltage may be used to determine the optimal epilayer doping and thickness under parallel plane avalanche breakdown conditions. The desired epilayer doping is the maximum doping that will sustain the specified breakdown voltage. The relationship for the epilayer doping is [9] (1) where is the epilayer doping, is the semiconductor dielectric constant, is the semiconductor critical field, is the electron charge, and is the breakdown voltage. The corresponding epilayer thickness is the reverse bias depletion width at the breakdown voltage. The relationship between minimum epilayer thickness, the critical field, and the breakdown voltage is [9] (2) where is the minimum epilayer thickness. Edge termination of devices is necessary to achieve the parallel plane breakdown voltage of a Schottky rectifier. Twodimensional and three-dimensional field crowding of nonedge terminated devices increase the electric field at the contact edge well above the parallel plane electric field. MEDICI simulations show that the enhanced electric field can be more than twice the parallel plane electric field. Many edge termination techniques have been reported for SiC power devices including a field plate overlapping an oxide region [10] , floating metal rings [11] , p-type guard rings [12] , highly resistive surface regions formed by argon implant [13] - [15] , highly resistive surface regions formed by boron implant [16] , and highly resistive regions formed by porous SiC [17] . Several of these techniques have been shown to sufficiently mitigate field crowding such that parallel plane breakdown voltages may be achieved.
B. Forward Voltage Drop
The forward voltage drop is a function of the Schottky barrier height and the series resistance. The forward voltage drop is [9] (3)
where is the forward voltage drop, is the ideality factor, is Boltzman's constant, is the temperature, is the forward current density, is the Richardson's constant, is the Schottky barrier height, and is the series or on-resistance. The device on-resistance is a function of the epilayer doping and the epilayer thickness (neglecting the substrate and ohmic contact resistance). The on-resistance for a specified breakdown voltage is [9] (4) where is the epilayer resistivity, and is the epilayer mobility.
For an optimal device design, once the forward current density has been specified, and the required breakdown voltage has been used to determine the epilayer doping and thickness, the only remaining variable that affects the forward voltage drop is the Schottky barrier height. In general the forward voltage drop of experimental SiC Schottky rectifiers has agreed well with thermionic emission theory and devices with ideality factors near one and specific on-resistance near the theoretical minimum have been reported [6] , [18] - [21] .
C. Reverse Leakage Current
The basic reverse leakage current mechanisms of a Schottky rectifier are shown in Fig. 1 . The reverse leakage current mechanisms of a Schottky rectifier are (a) thermionic emission, (b) thermionic field emission, (c) field emission, and (d) generation in the depletion region [22] . In addition to these basic mechanisms, surface leakage and defect related leakage may occur. Real world devices likely contain current caused by more than one of these mechanisms. The dominant mechanism depends on the Schottky barrier height, temperature, and applied bias.
Thermionic emission reverse leakage current density depends on the Schottky barrier height and the temperature. The relationship between reverse leakage current density and Schottky barrier height is [5] ( 5) where is the reverse leakage current density, and is the reverse saturation current density.
Thermionic emission reverse leakage current is also affected by image-force barrier height lowering. Image-force barrier height lowering decreases the effective Schottky barrier height by an amount that depends on the electric field at the metal-semiconductor interface. The image-force barrier height lowering is [5] ( 6) where is the image-force barrier height lowering, and is the electric field at the metal-semiconductor interface. The thermionic emission reverse leakage current density, accounting for image-force barrier height lowering may be written as (7) Experimentally, the reverse leakage current of both 6H and 4H SiC Schottky rectifiers have a larger magnitude than expected by thermionic emission and a stronger voltage dependence than predicted by image-force barrier height lowering [23] ; reverse leakage current mechanisms other than thermionic emission must be considered. Thermionic field emission and field emission are typically not considered to contribute to the reverse leakage current of moderately and lightly doped Si Schottky rectifiers. However, the large critical field of SiC increases the likelihood of substantial thermionic field emission and field emission in SiC Schottky rectifiers. The magnitude and voltage dependence for the thermionic field emission and field emission of SiC Schottky rectifiers has been calculated and compared with experimental SiC Schottky rectifier reverse leakage currents [24] . These calculations agree relatively well with the experimental data and suggest that thermionic field emission and field emission must be considered as significant.
Both thermionic field emission and field emission are tunneling mechanisms that depend on the barrier height and width. The difference between thermionic field emission and field emission is that thermionic field emission is the tunneling of electrons thermally excited above the Fermi level of the metal while field emission is the tunneling of electrons at the Fermi level of the metal. Hence, thermionic field emission will depend on temperature and field emission will be independent of temperature.
The metal-semiconductor tunneling barrier may be approximated as a triangular barrier as shown in Fig. 2 . The probability of tunneling through the triangular barrier depends on the zero bias Schottky barrier height, the image-force barrier lowering, and the electric field at the metal-semiconductor interface (which determines the barrier width since the slope of the triangular potential barrier is the electric field).
The relationship between tunneling current density and electric field for a triangular barrier may be expressed in terms of the electric field and the Schottky barrier height [22] ( 8) where is the electron effective mass, and is Planck's constant. The relationship between electric field and tunneling current density may be demonstrated by plotting (Fowler-Nordheim (FN) plot) (9) Reverse leakage current caused by generation in the depletion region depends on the width of the depletion region. The relationship for depletion region generation reverse leakage current is [22] (10) where is the intrinsic carrier concentration, is the width of the depletion region, and is the lifetime within the depletion region. The large bandgap of SiC makes very small and virtually eliminates the likelihood of substantial depletion region generation reverse leakage current. Regardless of the dominant reverse leakage current mechanism, since the specified breakdown voltage determines the epilayer doping and thickness, the only remaining variable that significantly affects the reverse leakage current is the Schottky barrier height.
D. Power Dissipation
The power dissipation of a Schottky rectifier is dependent on the forward voltage drop and the reverse leakage current density. The power dissipation of a Schottky rectifier is [9] % %
where is the power dissipated, and % is the on dutycycle.
With respect to power dissipation, there is a tradeoff in selecting the best metal for a power Schottky rectifier. A metal that forms a small barrier will reduce the forward voltage drop but increase the reverse leakage current. Conversely, a metal that forms a large barrier will increase the forward voltage drop and decrease the reverse leakage current. It is important to consider the duty cycle, required forward current, and required breakdown voltage before selecting the Schottky contact metal.
E. Switching Time
The switching speed of a Schottky rectifier depends on the dominant forward current mechanism. Typical SiC Schottky devices are dominated by thermionic field emission and consequently should have fast switching times compared to typical P-N and P-i-N rectifiers. Nonterminated platinum 6H SiC Schottky rectifiers have been shown to have turn-off times comparable to high-speed Si P-i-N rectifiers and no reverse recovery current [19] .
III. EXPERIMENTAL PROCEDURE
Two different n-type 4H Si-face SiC samples were used to fabricate both Ti and Ni Schottky rectifiers. The first sample has an epilayer doping of cm and a thickness of 13 m. The second sample has an epilayer doping of cm and a thickness of 10 m. Both samples have heavily doped n-type substrates. The material used in these experiments was acquired from Cree Research, Inc. Two samples of different epilayer doping and thickness were used to eliminate possible sample specific variations from the analysis.
A. Device Fabrication
Schottky rectifiers with boron implant edge termination were fabricated on both the 13-and 10-m samples. Boron implant edge termination was selected for use because it has been shown to effectively suppress field crowding while not causing a significant increase in reverse leakage current [16] . Devices with both a blanket implant (implanting the entire surface except the active area of the device) and a 100-m wide ring implant (implanting only a ring around the device) were fabricated. The basic device structure for the blanket implant devices and the ring implant devices is shown in Fig. 3 . Both the blanket implant and the ring implant devices have a Schottky metal/implant region overlap of 20 m.
Prior to implanting the boron edge termination, approximately 600 nm of Au was deposited and patterned for an implant mask. Next, a cm dose of boron with an energy of 30 keV was used to implant the samples. After implantation, the Au implant mask was removed and the samples were annealed at 1050 C for 90 min to remove implant lattice damage. The samples were then cleaned in piranha followed by a buffered oxide etch immediately prior to the Schottky contact metal deposition. Circular contacts of either Ti or Ni were deposited by ebeam evaporation and patterned by liftoff. The contacts range in size from 100 to 1200 m diameter. Unannealed large area backside contacts were formed by thermally evaporating aluminum onto the unpolished heavily doped substrate.
B. Device Testing
Forward and reverse current-voltage ( -) characteristics were measured for the Ti and Ni Schottky rectifiers. Device -characteristics were measured by directly probing individual Schottky rectifiers. The probe arms were configured with a single probe contacting the device top and a single probe contacting the backside ohmic contact. Devices were tested in an air ambient (no Fluroinert). The forwardcharacteristics were measured using an HP 4145 parameter analyzer. Reverse -characteristics were measured using a high-voltage test system. The high-voltage test system consists of a computer controlled high-voltage power supply (HVPS) (Stanford Research Systems PS350) and digital multimeter (Fluke 8840A). The HVPS is connected in series with the device under test and a resistor. The digital multimeter is used to measure the voltage across the resistor. The voltage applied to the device is determined by the output of the HVPS less the voltage drop across the resistor and the device current is determined from the voltage across the resistor. Forward and reverse -characteristics were measured at 20, 122, and 255 C using a heated stage.
IV. EXPERIMENTAL RESULTS

A. Measured Forward Characteristics
The forward -characteristics at 20, 122, and 255 C for Ti and Ni Schottky contacts to the 10-m sample are given in Fig. 4 . The Ti and Ni Schottky contacts show nearideal diode characteristics. The devices show an increase of reverse saturation current with increasing temperature, which is expected for devices dominated by thermionic emission. The extracted and ideality factors for the contacts at 20, 122, and 255 C are given in Table I .
Both the Ti and the Ni contacts have approximately eight decades of linearity on a logarithmic plot at 20 C and eventually roll-off because of device on-resistance. The on-resistance shows an increasing trend with increasing temperature. This is in accordance with reported Schottky rectifier on-resistance temperature dependencies. On-resistance temperature dependencies of , , and have been reported [18] - [21] . The forward -characteristics for Ti and Ni contacts to the 13-m sample were measured at 20 C and show results that are nearly identical to the 10-m sample, with the exception of an earlier roll-off caused by a larger on-resistance, which is in accordance with the thicker, more lightly doped epilayer.
B. Measured Reverse Characteristics
The reverse -characteristics at 20 C for Ni and Ti contacts to the 13-m sample are given in Fig. 5 . The Ni devices have a breakdown voltage of approximately 1720 V and a reverse leakage current of less than 0.1 A/cm at this voltage. The Ti devices show a larger reverse leakage current, which is in accordance with the smaller barrier height of the Ti contacts.
The reverse -characteristics at 20, 122, and 255 C for Ti and Ni Schottky contacts to the 10-m sample are given in Fig. 6 . The Ti and Ni contacts show a reverse leakage current that increases with increasing temperature and increases with decreasing barrier height. The reverse -characteristics show a stronger reverse leakage current temperature dependence at low voltages than at high voltages. The Ti contacts' reverse leakage current and temperature dependence is comparable to reported reverse leakage current and temperature dependencies of high-voltage 4H SiC Ti Schottky rectifiers [16] .
V. ANALYSIS OF RESULTS
A. Breakdown Voltage/Maximum Parallel Plane Electric Field
The critical field of a semiconductor increases with increased doping concentration caused by a corresponding increase in ionized impurity scattering and the consequent reduction in carrier scattering length. A measure of the effectiveness of device edge termination is the maximum parallel plane electric field achieved in a device. The maximum parallel plane electric field versus epilayer doping of reported 4H SiC mesa P-N rectifiers [25] , non-punched-through 4H SiC Schottky rectifiers [16] , punched-through 4H SiC Schottky rectifiers [16] , and the 10-and 13-m sample are given in Fig. 7 . The relationship between the critical field of SiC and epilayer doping is estimated by fitting the measured mesa P-N rectifier data.
The maximum parallel plane electric fields obtained in the 10-m sample (2.5 MV/cm) and the 13-m sample (1.7 MV/cm) are in accordance with the fitted critical field doping relationship, indicating that the 10-and 13-m sample devices are breaking down at or near the critical field. It has been suggested that punching through the epilayer may cause premature breakdown at less than the critical field. However, the data from the 13-m sample (which is strongly punched through at breakdown) and the 10-m sample (which is not punched through at breakdown) indicates that punchthrough does not cause premature breakdown. In addition, no significant "yield" differences (with respect to breakdown voltage) were observed between the strongly-punched-through and the non-punchedthrough devices.
A plot of breakdown voltage versus epilayer doping is given in Fig. 8 . Since epilayer thickness is a practical constraint for lightly doped epilayers, breakdown voltage versus epilayer doping for both punchthrough and non-punch-through epilayer thicknesses is shown. The breakdown voltage for the cm doped 13-m thick sample and the breakdown voltage of the cm doped 10-m thick sample are also given in Fig. 8 . It should be noted that for a given epilayer thickness, a decrease in epilayer doping does not necessarily increase the breakdown voltage since the decrease in doping may correspondingly decrease the critical field.
Blanket and ring boron implant edge terminations were compared. Both blanket and ring implants effectively reduce field crowding. However, the ring terminated devices showed a slightly higher breakdown voltage than the blanket terminated devices. The poorer performance of the blanket implant is likely caused by surface leakage to adjacent defects and a subsequent defect related failure. The ring implant confines the region of possible surface leakage. Consequently, if the main Schottky rectifier and ring regions are free of defects, the device will not suffer premature defect related breakdown. Fig. 9 shows photographs of blanket and ring implant device failures. Photograph (A) is a device with boron blanket implant and shows a failure caused by surface leakage from the Schottky rectifier to a micropipe defect. Photograph (B) is a device with a boron ring implant and shows uniform failure around the edge of the device. The dark spots and scratches in the middle of the devices are from the probe tip being "welded" to the device during failure. The darkening of the device edges is due to the "burning" of the device edges during failure. These device failures were irreversible and resulted in destructive failure. Since the device failure is destructive, it is concluded that the failure mechanism is still related to field crowding at the device edge and is not due to avalanche breakdown under the main area of the device. However, devices that were reverse biased to near-breakdown voltages showed no signs of degradation when subjected to multiple voltage sweeps. Observed premature breakdown of devices was primarily attributable to micropipe defects and the device "yield" was therefore directly related to the material's micropipe density and device area (due to variations in material quality no attempt was made to quantify "yield").
B. Forward Voltage Drop
The measured specific on-resistance of the 13-m sample is 5.6 m cm and the measured specific on-resistance of the 10-m sample is 0.9 m cm . The theoretical epilayer limited resistance of the 13-m sample is 2.6 m cm and the theoretical epilayer resistance of the 10-m sample is 0.4 m cm . However, it should be noted that for low on-resistances (less than 1 m cm ) the substrate and ohmic contact contributions to the on-resistance are no longer negligible.
The forward bias -characteristic shown in Fig. 4 depicts the experimental dependence of the forward voltage drop on the metal-semiconductor barrier height. The temperature dependence of the forward voltage drop is also depicted in Fig. 4 . While an increase in temperature increases the thermionic emission of the Schottky rectifier, it also increases the on-resistance. Therefore, for devices that operate in the on-resistance limited portion of the -characteristic, the forward voltage drop will increase with increasing temperature.
C. Reverse Leakage Current
A log plot of the current density versus voltage for different size Ni Schottky contacts to the 13-m sample is given in Fig. 10 . Fig. 10 shows that the reverse leakage current does not scale with device area at low reverse biases and does scale with device area at higher reverse biases. A linear -plot of four different size Ni Schottky rectifiers on the 13-m sample for 0-500 V reverse bias is given in Fig. 11 . This linearly related reverse leakage current is believed to be due to leakage through the highly resistive boron implanted edge termination regions. Since this reverse leakage current through the boron implanted region exhibits a linear -relationship, it may be thought of as a resistance in parallel to the Schottky rectifier (a shunt resistance). Previously tested nonterminated Ni Schottky rectifiers did not show this low bias reverse leakage current. This leakage through the boron implant regions is relatively small and is not evident for Ti Schottky rectifiers because the lower Schottky barrier height of Ti permits larger reverse leakage currents from other mechanisms. In addition, at higher reverse biases, reverse leakage mechanisms other than leakage through the boron implant region become dominant for the Ni Schottky rectifiers. Highly resistive edge termination regions formed by argon implantation show a similar behavior, with a larger amount of leakage. In fact, devices terminated by argon implant regions exhibit a linear -relationship over the full range of reverse bias. A comparison of the reverse leakage of a boron implant terminated Ni Schottky contact to the 13-m sample and published data [3] for argon implant terminated devices is given in Fig. 12 . Fig. 12 shows that the argon implant terminated devices have a smaller shunt resistance than the boron implant terminated devices and consequently have reverse -characteristics that are dominated by the leakage through the argon implant regions.
Figs. 5 and 6 show that Ti and Ni boron edge terminated devices have a reverse leakage current that depends on Schottky barrier height. The 13-m sample is punched through at 560 V reverse bias and the depletion width remains essentially constant for additional increases in reverse bias. Therefore, since the reverse leakage current depends on barrier height and is independent of depletion width, generation in the depletion region is not the dominant reverse leakage current mechanism. Fig. 13 shows the reverse leakage current density versus the parallel plane electric field at the metal-semiconductor interface for both the 13-and the 10-m sample. The reverse leakage current is shown to depend on the barrier height and the electric field at the metal-semiconductor interface. While the reverse leakage current of the 10-m sample is greater than the reverse leakage current of the 13-m sample for a given reverse bias, the reverse leakage currents for both samples are essentially the same when plotted versus electric field at the metal-semiconductor interface. Therefore, reverse leakage current is shown to be sample and doping independent.
The theoretical increase in current density caused by imageforce lowering and the experimental current density are plotted in Fig. 14 for both the 10-and the 13-m sample. Fig. 14 shows that the maximum increase of thermionic emission reverse leakage current for either sample is three orders of magnitude or less while the increase in experimental reverse leakage current density for both samples is greater than five orders of magnitude. The magnitude of the reverse leakage current density predicted by thermionic emission is much less than the magnitude of the experimental reverse leakage current density. Therefore, thermionic emission reverse leakage current is not the dominant reverse leakage current mechanism.
Schottky rectifier reverse bias thermionic field emission and field emission depend on the tunneling barrier height and width. Using the triangular barrier approximation given in Fig. 2 , Ti and Ni Schottky barrier widths for the 10-and the 13-m sample as a function of reverse bias were calculated and are plotted in Fig. 15 . Since tunneling can become significant for barriers on the order of 10 nm wide, tunneling is a possible reverse leakage mechanism in these devices.
A temperature dependent plot of the relationship between tunneling current density and electric field given in (9) for Ni Schottky rectifiers on the 10-m sample is shown in Fig. 16  (FN plot) . Fig. 16 shows an increase of reverse leakage current density with increasing temperature. Fig. 16 also shows a stronger temperature dependence at low electric fields than at large electric fields suggesting that the reverse leakage current is comprised of both thermionic field emission and field emission. At small electric fields, the reverse leakage current appears to be dominated by thermionic field emission while at large electric fields field emission becomes more significant. Therefore, the dominant reverse leakage current mechanism is believed to be a combination of thermionic field emission and field emission.
A numerical calculation of the total tunneling current from thermionic field emission and field emission for a Schottky barrier with a barrier height of 1.1 eV and a doping of cm has previously been done [24] . This cal- culation shows a reverse leakage current increase of about five orders of magnitude for an increase of electric field from V/cm to V/cm. In addition, the calculation was performed for 300K and 373K, and shows a decreasing temperature dependence with increasing electric field.
VI. SUMMARY AND CONCLUSIONS
High-voltage Ti and Ni Schottky rectifiers with a highly resistive boron implant edge termination have been fabricated and tested. A summary of the experiment and results are given in Table II . Reverse breakdown shows near-ideal parallel plane breakdown. Forward characteristics are near-ideal and show an increasing on-resistance with increasing temperature. Reverse characteristics show a reverse leakage current that depends on device area, Schottky barrier height, electric field at the metalsemiconductor interface, and temperature. The reverse leakage current is larger than predicted by thermionic field emission and image-force barrier lowering and is believed to be a combination of thermionic field emission and field emission. 
